Formable high-strength low-alloy TRIP-aided sheet steels with annealed martensite matrix or "TRIP-aided annealed martensitic steel" were developed for automotive applications. The steels possessed a large amount of plate-like retained austenite along annealed martensite lath boundary, whose stability against the strain-induced transformation was higher than that of the conventional "TRIP-aided dual-phase steel" with polygonal ferrite matrix. In a tensile strength range between 600 and 1000 MPa, the TRIP-aided annealed martensite steels exhibited a superior large elongation and reduction of area. In addition, they possessed the same excellent stretch-flangeability and bendability as "TRIP-aided bainitic steel" with bainitic ferrite matrix. These properties were discussed by matrix structure, a strength ratio of second phase to matrix, retained austenite stability, internal stress and so on.
Introduction
To attain to the weight reduction and good crush safety of vehicles, big projects such as ULSAB, ULSAS, ULSAC and ULSAB-AVC projects 1) were started by many steel makers in the world since 1994. The success of these projects may be achieved by applications of formable high strength steels and new production technology and rigid structure design. When attending to the formable high strength steels, the "TRIP-aided dual-phase (PF) steel" [2] [3] [4] [5] [6] [7] [8] [9] associated with the transformation-induced plasticity (TRIP 10) ) of retained austenite which is composed of polygonal ferrite matrix and retained austenite plus bainite second phase is attractive for some automotive applications 11) because of excellent formability [3] [4] [5] and high impact absorbed energy. 12) Resultantly, the PF steel had been applied to several automotive impact members.
For applications to the suspension parts, the PF steel was unfavorable due to poor stretch-flangeability. 6, 7) So, the "TRIP-aided bainitic (BF) steel" [12] [13] [14] [15] replaced polygonal ferrite matrix of the PF steel by bainitic ferrite matrix was developed to improve the stretch-flangeability. The BF steel completed extremely good stretch-flangeability due to uniform fine lath structure, as well as high fatigue strength 15) and high impact absorbed energy, 12) but its total elongation was deteriorated although it was larger than those of commercial precipitation-hardening high strength steels and martensitic ones without retained austenite.
The small total elongation of the BF steel was caused by rapid falling off of strain hardening rate in an early stage, resulting from hard matrix with high dislocation density and low mean internal stress in the matrix. 13) This indicates that softening of the lath structure matrix brings on enlargement of the total elongation. On the basis of such an idea, we developed new high strength low alloy TRIP steels replaced the bainitic ferrite matrix by annealed martensite matrix or "TRIP-aided annealed martensitic (AM) steels". In the present paper, retained austenite characteristics, ductility and formability (stretch-flangeability and bendability) of the AM steels were investigated in detail.
Experimental Procedure
Five kinds of Fe-C-1.5Si-1.5Mn steels with different carbon contents were used in this study. The chemical composition of these steels (steels 0.1C through 0.6C) and martensite-start temperature (M S ) are listed in Table 1 , in which the M S (°C) was estimated using the following equa-tion. 16 After 100 kg vacuum-melted ingots were forged to 30 mm in thickness, the slabs were hot-rolled and coldrolled to 1.2 mm in thickness, as illustrated in Fig. 1 . Tensile specimens of 50 mm in gauge length by 12.5 mm in width by 1.2 mm in thickness (JIS 13B), disk specimens of 50 mm in diameter for stretch-flanging test and bending samples of 70 mm in length by 40 mm in width by 1.2 mm in thickness were machined from the steels and were heattreated in salt baths, as shown in Fig. 1 . In this case, the tensile specimens and bending samples were prepared in parallel to the rolling direction and transverse one, respectively. For comparison, PF and BF steels with the same chemical composition as AM steels were also prepared in this study. The heat treatment conditions 14) are listed in Table 2 .
LePera etching, 17) as well as nital etching, was used to distinguish each constituents in the steels. Volume fraction of retained austenite was quantified from integrated intensity of (200)a, (211)a, (200)g, (220)g, (311)g peaks of MoKa radiation.
18) The carbon concentration (C g , mas%) was estimated by substituting the lattice constant (a g , 10 Ϫ10 m) measured from (220)g peak of Cr-Ka radiation into the following equation. 19 where f g0 and f g represent an initial volume fraction of retained austenite and untransformed retained austenite content after straining to plastic strain (e), respectively. Tensile tests were carried out on an Instron type testing machine under a cross head speed of 1 mm/min at 20°C. Bendability was assessed in terms of minimum bending radius without cracking. Hole-punching and hole-expanding tests were conducted using the apparatus illustrated in Fig.  2 with a graphite type lubricant. First, a hole of 4.76 mm in diameter was punched out at 20°C and at a punching rate of 10 mm/min, with a clearance of 10 % between die and punch. The successive hole-expanding test was performed at 20°C and at a punching rate of 1 mm/min. In the expanding test, the punch was contacted with the roll-over section of the hole-punched specimens, with a graphite type lubricant. The hole-expanding ratio (l) was determined in the following equation. Table 2 . Heat treatment conditions of AM, PF and BF steels. Figure 3 shows initial volume fraction ( f g0 ) and initial carbon concentration (C g0 ) of retained austenite and k value as a function of carbon content in AM steels, in which data of PF and BF steels are also plotted for comparison. The followings are found in the figure.
Results

Retained Austenite Properties
(1) Both high volume fraction and high carbon concentration of retained austenite are achieved in the AM steels. The total carbon concentration ( f g0 ϫC g0 ) is higher than those of the PF and BF steels.
(2) They increase with increasing carbon content, although the carbon concentration is saturated in a carbon content range above 0.3 mass%.
(3) Further, the retained austenite of the AM steels is characterized by low k value or larger resistance against the strain-induced transformation.
Figures 4 and 5 show typical micrographs of AM steels. The structure consists of annealed martensitic lath structure matrix and interlath second phase. And, the second phase is composed of plate-like retained austenite and carbide-free bainite surrounding the retained austenite. In the AM steels above 0.4 mass% C, coarsened or blocky retained austenites (see an arrow in Fig. 4(c) ) lie along prior austenite grain boundary, as well as plate-like ones.
Ductility and Formability
Figures 6 and 7 show tensile properties and typical flow curves of AM steels, respectively. The AM steels possess larger total elongation (TEl ) and reduction of area (RA) than PF steels. Particularly in steels 0.3C and 0.4C, anomalous large total elongations are attained, despite an increase in tensile strength (TS ). From Fig. 7 , this is supposed to be owing to highly maintained strain-hardening in a large strain range. It is noteworthy that AM steels possess a yield ratio of about 0.7, higher than that of PF steels. Figure 8 shows hole-expanding ratio (l) and minimum bending radius (R min ) of AM steels. It is found that the AM steels possess a superior combination of stretch-flangeability and bendability to the PF steels although the hole-expanding ratio is monotonously decreased with increasing carbon content. In a tensile strength range above 1 000 MPa, however, the combination is inferior to that of the BF steels. Considering that the AM steels possess far larger total elongations than BF steels, it is concluded that the AM steels complete the best combination of total elongation and stretch-flangeability among high strength low alloy steels less than TSϭ1 000 MPa. Figure 9 shows typical micrographs of cross sectional area in a punched surface layer of AM and BF steels. And, hardness (HV, 0.02 N) just beneath punched hole surface, a ratio of shear section length to sheet thickness (ss/t) and a depth of hardening layer (l*) which may influence on the stretch-flangeability are shown in Fig. 10 . It is found from these figures that surface damage properties of AM steels on hole-punching are characterized by relatively long shear section, development of severe plastic flow (Fig. 9(b) ) and a small number of voids at matrix/second interface, in the same way as the BF steels. Also, a small depth of hardening layer is observed in AM steels, although the hardness increment (DHV in Fig. 10(a) ) just beneath punched hole surface defined by a difference between HV and HV 0 (initial hardness) is the same degree as that of the BF steels. 
Discussion
Retained Austenite Stability
In general, carbon concentration of retained austenite in a carbide-free bainitic steel agrees with carbon concentration in austenite at T 0 temperature where austenite and ferrite of the same chemical composition have identical free energies. 20) Equilibrium diagram of Fe-C-1.5Si-1.5Mn systems computed using Thermo-Calc 21) is shown in Fig.  11 . It is found from the figure that carbon concentration of retained austenite in AM steels agrees well with calculated one at T 0 , similar to the BF steels. Such carbon-enriched retained austenite of AM steels may be associated with short mean free path (or short diffusion path) of retained austenite and a small volume of carbide-free bainite.
According to the previous study, 22) retained austenite stability against the strain-induced transformation was mainly controlled by carbon concentration of retained austenite. Namely, the higher the carbon concentration, the more the strain-induced transformation is suppressed or the lower the k value. In Fig. 3(c) , however, retained austenite in AM and PF steels was more stable against the strain-induced transformation than that in BF steels with higher carbon concentration. This fact indicates that not only high carbon concentration of retained austenite but also other parameters are related to the high retained austenite stability. Namely, the lower retained austenite stability of the BF steels may be caused by that retained austenite is plastically strained during deformation due to small strength ratio of second phase to matrix. 23) On the other hand, high retained austenite stability of the AM steel is considered to be contributed by its fine distribution, as well as its high carbon concentration and medium strength ratio of second phase to matrix.
In the present AM steels, a very interesting result was obtained that polygonal ferrite did not nucleate during intercritical annealing. So, additional examination about microstructural change was carried out at intercritical annealing temperatures between Ac 1 and Ac 3 . However, any nucleation of polygonal ferrite was not found in the temperature range. This indicates that only recovery with a decrease in dislocation density occurs in the matrix of AM steels during intercritical annealing, in the same way as tempering at temperatures below Ac 1 .
Excellent Ductility and Formability of AM Steel
The present AM steels possessed the best combination of total elongation and stretch-flangeability, particularly in a tensile strength range below 1 000 MPa. First, let us discuss about the large total elongation.
According to the previous study, 13) deformation of PF and BF steels is controlled by the following items. ( i ) stress relaxation or plastic relaxation on strain-induced transforming and the resultant increase in strain-induced martensite content which are controlled by retained austenite stability ( ii ) compressive internal stress in the matrix resulting from a difference in strength between second phase and matrix (iii) forest hardening of matrix proposed by Ashby 24) And, small total elongation of the BF steel was explained by rapid falling off of the strain hardening rate in an early stage due to high dislocation density of matrix (Fig. 7) . In this case, it was considered such that TRIP effect plays only a small role of raising the strain hardening rate because of early necking strain. 13) On the other hand, it was reported that large elongations of the PF steels was mainly resulted from high strain hardening rate due to the items (i) and (ii). 13) In the present AM steels, high compressive internal stress which increases strain-hardening rate in a small strain range is expected to be developed during tensile deformation, 23) although the compressive internal stress was just lower than that of the PF steels when the carbon content is 0.2 mass%. In addition, we confirmed in the AM steel that void formation at matrix/second phase interface was suppressed, in comparison with the PF steel. Therefore, it is considered that TRIP effect of the stable retained austenite and difficult void formation in a large strain range mainly completed the large total elongation. In the AM steels with 0.3 and 0.4 mass% C, higher volume fraction of second phase was attained in comparison with the cases of 0.1 and 0.2 mass% C. This is expected to considerably increase the compressive internal stress of matrix (or strain-hardening rate), and resultantly complete anomalous large elongations.
The AM steels possessed the same degree of large reduction of area as the BF steels. This may be associated with uniform fine microstructure and medium strength ratio of second phase to matrix, which relax the stress concentration.
Next, let us discuss about reasons of the improved stretch-flangeability of AM steels. Generally, the stretchflangeability of low alloy TRIP-aided steels is correlated with localized ductility such as reduction of area because it considerably influences the surface damage on hole-punching and void or crack initiation resistance on hole-expanding. 14) According to the previous study, 7) in the PF steels characterized by relatively small reduction of area, void or crack initiation easily occurred at matrix/second phase interface on hole-punching to bring on the poor stretchflangeability. On the other hand, it was reported that excellent stretch-flangeability in BF steels is responsible to small surface damage on hole-punching, referring to few void initiation at matrix/second phase interface and the resultant developments of severe plastic flow and long shear sec-tion. 14) In this case, the severe plastic flow was expected to disturb void or crack propagation on hole-expanding, as well as TRIP effect of untransformed retained austenite.
The present AM steels completed the same small surface damage on hole-punching as the BF steels. In addition, strain-induced transformation to martensite was suppressed as shown in Figs. 3(c) and 10(c) . Therefore, good stretchflangeability of the AM steels may be explained mainly by small surface damage on hole-punching and TRIP effect of untransformed retained austenite on hole-expanding. As shown in Fig. 8(a) , hole-expanding ratio of AM steel with 0.6 mass% C was largely decreased. This may be associated with existence of a large amount of blocky retained austenite along prior-austenite grain boundary and excess total volume fraction of second phase.
Conclusions
Retained austenite characteristics, ductility and formability of newly developed AM steels were investigated for the automotive applications. Main results were summarized as follows.
(1) The AM steels possessed a large amount of stable interlath retained austenite, most of which were adjacent to carbide-free bainite phase. The retained austenite possessed higher carbon concentration and was more stable against the strain-induced transformation than those of the other TRIP-aided steels.
(2) The AM steels were characterized by extreme large total elongation and reduction of area, especially in cases of 0.3 and 0.4 mass% C. Such a large elongation was mainly caused by uniform fine structure, TRIP of stable interlath retained austenites and high compressive internal stress in the matrix resulting from second phase. Large reduction of area was mainly yielded from uniform fine lath structure, as well as the decreased strength ratio of second phase to matrix.
(3) The stretch-flangeability and bendability of the AM steels also exceeded those of the conventional PF steels. This was associated with large localized ductility and TRIP of untransformed retained austenite on hole-expanding.
